] i ) in platelets is also proposed as an intermediate phenotype for hypertension in spontaneously hypertensive rats (SHR). Increased [Ca 2ϩ ] i in platelets is hypothesized to contribute to atherothrombotic events. Platelet hyperactivity is frequently associated with cardiovascular disease.
Methods:
In a genome scan, we performed the quantitative trait loci (QTL) mapping for [Ca 2ϩ ] i in back-crossed rats derived from SHR and normotensive Fischer 344 rats, which demonstrated a single major QTL for hypertension on chromosome 1. Thrombin-stimulated [Ca 2ϩ ] i in Ca 2ϩ -free and in Ca 2ϩ -containing buffers was measured in platelets using the Fura-2 method.
Results: Among the parental strains, systolic blood pressure and thrombin-stimulated [Ca 2ϩ ] i were significantly greater in SHR than in Fischer 344 and F 1 rats. The sarco(endo)plasmic reticulum Ca 2ϩ -dependent ATPase II gene locus (Serca2) between D12Mgh5 and D12Mgh6 showed the significant linkage for thrombin-stimulated [Ca 2ϩ ] i in Ca 2ϩ -free and Ca 2ϩ -containing buffers. The peak logarithm of the odds scores were 3.6 and 3.3, respectively. These QTL explained 19.8% and 17.4% of the total variances, respectively. D3Mit13 and DXMgh1 showed suggestive linkage for thrombin-stimulated [Ca 2ϩ ] i in Ca 2ϩ -free and in Ca 2ϩ -containing buffers, respectively. The peak logarithm of the odds scores were 2.6 and 2.1, respectively. ] i in platelets is increased in patients with essential hypertension and in their offspring. 3, 4 Altered intracellular Ca 2ϩ handling in platelets has also been reported in spontaneously hypertensive rats (SHR) and in young prehypertensive SHR. 5, 6 In the past decades, investigators have focused on the molecular genetics of arterial vascular disorders and have identified numerous polymorphisms in genes related to the cardiovascular system; however, the genetic contributions to augmented [Ca 2ϩ ] i response in platelets remain highly controversial. 7 8 These studies suggest that increased [Ca 2ϩ ] i in platelets could be a predictor of atherothrombotic events and a genetic hypertensive trait.
Conclusions
We reported a unique back-cross analysis derived from SHR and normotensive Fischer 344 (F344) rats that approximates a polygenic model to a monogenetic form. 9, 10 Bimodality in blood pressure (BP) values of the backcrossed (BC) rats demonstrated an inferred single major gene locus or a major quantitative trait locus (QTL) for hypertension near the Sa gene locus (Sa). 10 We measured [Ca 2ϩ ] i in platelets to explore the "intermediate phenotype." Increased [Ca 2ϩ ] i in platelets was considered to be an inheritable hypertensive trait discriminated from the major QTL for BP on chromosome 1. 9 We have already reported significant association between the sarco(endo)-plasmic reticulum Ca 2ϩ -dependent ATPase (Serca) II gene locus (Serca2) and [Ca 2ϩ ] i in platelets. 11 In contrast, other studies have indicated that [Ca 2ϩ ] i in platelets is also influenced by environmental factors such as shear stress and insulin resistance. 4, 12 It has not been clearly determined whether increased [Ca 2ϩ ] i in platelets from hypertensive subjects or animals is a cellular marker of an underlying inherited abnormality or merely an epi-phenomenon secondary to endothelial dysfunction or an increase in BP. In this study, we attempted to map QTL for [Ca 2ϩ ] i in platelets in BC rats derived from SHR and F344 rats by screening the total genome.
Methods

Animals
The SHR, Wistar-Kyoto (WKY) rats, and F344 rats were maintained at the Medicinal Safety Research Laboratories, Sankyo Co. Ltd. (Shizuoka, Japan). The F 1 females from male SHR and female F344 parents were back-crossed with male SHR as previously described. 10 The same BC population was used for a genome scan of hypertension by targeting on a potential epistasis for BP between a chromosome-1 QTL and the Serca2 locus on chromosome 12. Systolic BP was measured by the tail-cuff method at 10, 13, and 15 weeks of age; the mean values were used for statistical analysis. Data from 78 male BC rats underwent complete analysis. This experimental protocol was approved by the institutional animal care committee.
Measurement of [Ca 2؉ ] i
The [Ca 2ϩ ] i in platelets was measured by the Fura-2 method as previously described. 9, 11, 13 Thrombin-stimulated (0.3 U/mL) [Ca 2ϩ ] i was measured in Ca 2ϩ -free buffer and in 1 mmol/L Ca 2ϩ -containing buffer.
Genotyping of Microsatellite Markers and [Ca
2؉ ] i -Regulating Genes
A total of 80 highly polymorphic microsatellite markers were selected to be spaced at 20-cM intervals, which spanned the entire genome as previously described. 10 The BC rats were genotyped as homozygotes (ie, SHR) or heterozygotes (ie, F 1 ) in autosomal chromosomes or as the identical genotype with SHR or F344 rats in X chromosome. Serca II gene was genotyped by restriction fragment length polymorphisms (RFLP) we previously discovered. 11 The phospholipase C (PLC) ␦-1 gene was genotyped by RFLP using XhoI. 14 
Quantitative Linkage Analysis
The QTL mapping was performed by using MAPMAKER/ Exp 3.0 and MAPMAKER/QTL 1.1b (Whitehead Institute, Cambridge, MA). Logarithms of the odds (LOD) scores of 1.9 and 3.3 were used as thresholds for suggestive and significant linkage, respectively.
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Statistical Analysis
Data are reported as mean Ϯ SD. Comparisons were performed by analysis of variance (ANOVA) followed by the Scheffé F test to evaluate the differences in BP and [Ca 2ϩ ] i between the genotyped groups. These statistical computations were performed with the SPSS statistical program (SPSS Inc., Chicago, IL). A level of P Ͻ .05 was considered to be statistically significant.
Results
Among the parental strains (SHR, F 1 , and F344), the most genetically similar to SHR had a significantly higher systolic BP and greater thrombin-stimulated [Ca 2ϩ ] i in platelets (Fig. 1) -free buffer in platelets in SHR is ϳ5 SD higher than in F344 rats whereas it was ϳ3 SD higher than in WKY rats. Basal [Ca 2ϩ ] i in platelets was not different among the parental strains.
Serca2 was mapped between D12Mgh5 and D12Mgh6 on chromosome 12 and exhibited significant linkage to thrombin-stimulated [Ca 2ϩ ] i in Ca 2ϩ -free and in Ca 2ϩ -containing buffers (Fig. 2) -free buffer (Fig. 3) . The peak LOD score was 2.6, and this QTL explained 14.6% of the total variances. Thrombin-stimulated [Ca 2ϩ ] i in Ca 2ϩ -free buffer was significantly higher in D3Mit13 homozygotes than in D3Mit13 heterozygotes (Table 1) , although their systolic BP levels were similar.
DXMgh1 on chromosome X demonstrated suggestive linkage for thrombin-stimulated [Ca 2ϩ ] i in Ca 2ϩ -containing buffer (Fig. 4) . The peak LOD score was 2.1, and this QTL explained 11.3% of the total variances. Thrombinstimulated [Ca 2ϩ ] i in Ca 2ϩ -containing buffer was significantly higher in BC rats with the SHR than those with the F344 genotype at DXMgh1 (Table 1) . Furthermore, systolic BP tended to be slightly higher in BC rats with the SHR genotype (P ϭ .06). DXMgh1 has a potential to raise BP slightly through abnormal intracellular Ca 2ϩ homeostasis.
The PLC ␦-1 gene locus was mapped 37.1 cM apart from D8Mgh1 on chromosome 8. Neither the QTL for [Ca 2ϩ ] i nor the QTL for BP was detected around the PLC ␦-1 gene locus.
Discussion
The current study identified a significant QTL for thrombin-stimulated [Ca 2ϩ ] i in platelets on rat chromosomes 12 and suggestive QTL on rat chromosome 3 and x in BC rats derived from SHR and normotensive F344 rats. To our knowledge, this is the first reported observation pertaining to QTL mapping for [Ca 2ϩ ] i in the platelets in hypertension.
Serca II and Chromosome 12
Serca is thought to be a determinant factor that regulates [Ca 2ϩ ] i stores in vascular smooth muscle cells. 16 Serca II mRNA is reported to be overexpressed and the function of sarcoplasmic reticulum increased in purified microsomal fractions in vascular smooth muscle cells of SHR.
17,18
Because we did not identify any amino acid substitution in the Serca II coding region of SHR compared with WKY and Sprague-Dawley rats, 13 ] i ) in platelets of spontaneously hypertensive rats (SHR) (n ϭ 9) (), normotensive Fischer 344 (F344) rats (n ϭ 10) (•), and F 1 rats (n ϭ 5) (') derived from SHR, and F344 rats, and Wistar-Kyoto (WKY) rats (n ϭ 6) (૽ [21] [22] [23] However, it would be an oversimplification to consider Serca II itself as the only causal gene in the chromosomal segment, because we have not found any functionally significant variants between the Serca II alleles in SHR versus F344. Several genes related to [Ca 2ϩ ] i homeostasis could consist of a [Ca 2ϩ ] i -regulating gene complex near Serca2 and could synergistically contribute to the increased Ca 2ϩ response to thrombin.
Candidate Genes on Chromosome 3 and X
The rat-human comparative map 24 and the human genome project have provided information about several [Ca 2ϩ ] i -regulating genes located in the vicinities of QTL for [Ca 2ϩ ] i . The PLC ␥-1 gene in the vicinity of D3Mit13 on chromosome 3 is an important candidate, as it is directly related to the process of Ca 2ϩ mobilization. 25 The vitamin D-dependent Ca 2ϩ -binding protein (calbindinD9k) gene, which plays a key role in intestinal Ca 2ϩ transport, is mapped near DXMgh1. Intestinal calbindinD9k expression was found to be decreased in SHR compared with WKY rats. 26, 27 Inheritance or Epi-Phenomenon?
Whether increased [Ca 2ϩ ] i in platelets is a cellular marker for underlying inherited abnormality is controversial. Genetic variance is calculated by subtracting environmental variance from phenotypic variance. 28 The region, we could not detect any QTL for either BP or [Ca 2ϩ ] i . It is possible that a QTL for BP with modest effects became undetectable because the contribution of the single major QTL for BP was augmented by epistasis in our study. 10 Brzustowicz et al 31 have identified QTL for plateletactivating factor-evoked [Ca 2ϩ ] i responses in Epstein-Barr virus-transformed lymphoblasts. A significant linkage was discovered in one family at D16S151 and a suggestive linkage at two distinct loci on chromosome 11 in another family. Because the rat-human comparative map indicates the QTL for [Ca 2ϩ ] i in the rat platelets of our study, D3Mit13, Serca2, and DXMgh1, correspond to 20q, 12q, and Xp in human chromosomes, respectively, 24 the QTL for [Ca 2ϩ ] i in the rat platelets are different from those in their human lymphoblasts.
In conclusion, QTL for [Ca 2ϩ ] i are mapped in the vicinity of D3Mit13, Serca2, and DXMgh1 on chromosomes 3, 12, and X, respectively, in SHR. The Serca II gene is a prime candidate for increased [Ca 2ϩ ] i in SHR. DXMgh1 has a potential to raise BP slightly through abnormal intracellular Ca 2ϩ homeostasis. Genetically increased [Ca 2ϩ ] i in platelets may contribute to the onset of cardiovascular disease independently from the major gene for hypertension. Establishing a congenic strain of this chromosomal region is required to confirm that the region is responsible for the abnormal intracellular Ca 2ϩ regulation. Further studies are necessary to determine whether or not genetic variation in the Serca II gene, especially in the upstream regulatory region, is responsible for genetic difference in [Ca 2ϩ ] i in platelets between SHR and F344.
